Eukaryotes segregate chromosomes in ''open'' or ''closed'' mitosis, depending on whether their nuclear envelopes (NEs) break down or remain intact. Here we show that the control of the nuclear surface area may determine the choice between these two modes. The dividing nucleus does not expand its surface in the fission yeast Schizosaccharomyces japonicus, confining the mitotic spindle and causing it to buckle. The NE ruptures in anaphase, releasing the compressive stress and allowing chromosome segregation. Blocking the NE expansion in the related species Schizosaccharomyces pombe that undergoes closed mitosis induces spindle buckling and collapse in the absence of an intrinsic NE rupture mechanism. We propose that scaling considerations could have shaped the evolution of eukaryotic mitosis by necessitating either nuclear surface expansion or the NE breakdown.
Eukaryotes segregate chromosomes in ''open'' or ''closed'' mitosis, depending on whether their nuclear envelopes (NEs) break down or remain intact. Here we show that the control of the nuclear surface area may determine the choice between these two modes. The dividing nucleus does not expand its surface in the fission yeast Schizosaccharomyces japonicus, confining the mitotic spindle and causing it to buckle. The NE ruptures in anaphase, releasing the compressive stress and allowing chromosome segregation. Blocking the NE expansion in the related species Schizosaccharomyces pombe that undergoes closed mitosis induces spindle buckling and collapse in the absence of an intrinsic NE rupture mechanism. We propose that scaling considerations could have shaped the evolution of eukaryotic mitosis by necessitating either nuclear surface expansion or the NE breakdown.
Results and Discussion
The fission yeast Schizosaccharomyces pombe is a wellstudied unicellular model eukaryote with strictly closed mitosis. In this case, the nuclear envelope (NE) markers such as the nucleoporin Nup85-GFP [1, 2] remain at the nuclear periphery as the nucleus undergoes a progression of shape changes, from a sphere to a spherocylinder to a dumbbell, that eventually resolves into two spherical daughter nuclei ( Figure 1A ). However, imaging the NE in the related fission yeast species S. japonicus using Nup85-GFP revealed an entirely different evolution of mitotic nuclear shapes (Figure 1B) . As mitosis progressed, the nuclei assumed an elongated diamond-like morphology followed by an abrupt resolution into daughter nuclei without the dumbbell stage. This unusual nuclear shape was originally observed in 1984 [3] . The initially uniformly distributed Nup85-GFP relocalized toward the pointed leading edges of the nucleus and remained there as the half-nuclei abruptly relaxed into a more spherical morphology. It eventually redistributed around the entire periphery of daughter nuclei ( Figure 1B ). Other proteins associated with the nuclear pore complexes (NPCs), including the nucleoporins Nup132 and Nup189 [1, 2] and the tubular endoplasmic reticulum (ER) protein Tts1 [4, 5] , exhibited similar behavior (see Figure S1A available online). Because the NPCs mark a subdomain of the NE, we examined the distribution of the inner nuclear membrane (INM) protein Lem2-GFP [6] and the cisternal ER markers Ost1-GFP [4] and Sec63-GFP at various stages of the cell cycle. Unlike the NPC-associated proteins, Lem2-GFP localized along the nuclear periphery and to the spindle pole bodies (SPBs). At the end of mitosis, Lem2-GFP formed foci at the intersection between the spindle and the NE, opposite the SPBs ( Figure 1C) . The mitotic S. japonicus nucleus was initially spherical but later appeared to assume a diamond shape. At later stages of mitosis, the nucleus exhibited a more relaxed rounded aspect and two constrictions that delimited the daughter nuclei and what appeared to be a transient medial compartment. At this stage, we observed discontinuities in Lem2-GFP localization. We confirmed the unusual pattern of the NE division using Ost1-GFP and Sec63-GFP as markers (Figures S1B-S1D). Similar to the filamentous ascomycete Aspergillus nidulans [7] , the short-lived medial compartment contained the transient remnant mother nucleolus structure marked by Erb1-mCherry and Fib1-mCherry ( Figures S1E and S1F) .
Early in mitosis, the GFP-tagged chromatin-binding factor Nhp6 [8] localized to the nucleoplasm and was enriched on condensed chromosomes (Figure 2A ). To our surprise, the abrupt relaxation of the diamond-shaped NE coincided with a sudden redistribution of the nuclear Nhp6-GFP throughout the cellular volume. Within minutes, Nhp6-GFP reaccumulated in the newly formed daughter nuclei (Figure 2A ; see Figure 2B for quantification). Similarly, an artificial nuclear marker GFP-GST-NLS-GFP exhibited an abrupt loss of nuclear compartmentalization at the same stage of mitosis ( Figure 2C ). Redistribution of the NPCs toward the leading edges of the nucleus substantially preceded the efflux of the nuclear markers (by w2.5 min) and therefore did not appear directly related to this process. The cytosolic marker GST-NES-GFP behaved in a manner opposite to that of nuclear proteins, suggesting an overall transient loss of the nucleocytoplasmic integrity during mitosis ( Figure S2A ). An extremely rapid kinetics of intermixing between the nuclear and cytosolic markers together with the observed discontinuities of the NE ( Figure 1C ; Figures S1C and S1D) suggested that the NE physically broke. To better visualize this process, we constructed S. japonicus cells carrying an artificial ER marker GFP-AHDL [4] . Time-lapse imaging of GFP-AHDL Nhp6-mCherry cells revealed that the diamond-shaped nucleus often bent further to assume a bow-like configuration and abruptly broke in a single expanding tear close to the nuclear equator. The tearing coincided with the relaxation of the nuclear envelope and release of the nuclear protein Nhp6 into the cytoplasm (Figure 2D ; Figure S2B ; Movie S1; Movie S2; n = 20 cells). This phenomenon occurred in late anaphase B as judged by timelapse imaging of cells coexpressing Nhp6-mCherry and the kinetochore marker Mis6-GFP ( Figure S2C ). We concluded that the nuclear membrane breaks in late anaphase in S. japonicus cells.
We constructed the GFP-tagged a-tubulin, GFP-Atb2, and visualized spindle dynamics in conjunction with those of Nhp6-mCherry. As spindles elongated, they dramatically buckled within the confines of the nucleus ( Figure 3A ). We observed spindle bending in both GFP-Atb2-expressing and untagged wild-type strains immunostained with anti-a-tubulin antibodies (data not shown). Strikingly, when the nuclei ruptured, releasing Nhp6-mCherry into the cytoplasm, the spindles sprang back to a straight configuration ( Figure 3A ). Spindle straightening coincided with the transition of nuclear morphology from a highly stretched aspect to a relaxed one ( Figure S3 ).
Spindle buckling could result from the compressive stress exerted on the elongating spindle by the NE. We sought to weaken the NE integrity to test whether a more compliant NE will exert a smaller compressive stress and hence result in lesser or no spindle buckling. The LEM domain protein Lem2 was reported as crucial for maintaining the NE integrity in mammalian cells [9] , and we wondered whether such function was conserved in fungi, which lack the lamin-centered nuclear lamina. We visualized the mitotic NE behavior in cells lacking Lem2 using Nup85-GFP as a marker. The NE in lem2D cells was unusually ruffled and failed to assume the typical diamond shape ( Figure 3B ). The mitotic spindles in lem2D cells elongated in a straight line, suggesting that they were no longer constrained by the NE ( Figure 3C , upper panel, 26 out of 26 cells). Interestingly, the nucleoplasmic markers such as Nhp6-mCherry ( Figure 3C , bottom panel) and GFP-GST-NLS-GFP (data not shown) seeped out from the nucleus immediately following the onset of anaphase B, once the spindle length exceeded the nuclear diameter. This was clearly different from the wild-type, where the nucleoplasm was contained inside a nucleus until late in mitosis, when it virtually instantaneously redistributed throughout the cell ( Figure 3A) . The postmitotic nuclear recruitment of Nhp6 was delayed in lem2D cells, suggesting that Lem2 might also function in resealing of the NE after mitosis. We concluded that the INM protein Lem2 was important for maintaining the NE integrity during mitosis and that the NE in S. japonicus could exert sufficient compressive stress to cause the spindle to buckle.
We wondered whether the spindle was required to tear apart the NE during normal mitosis. We constructed cells lacking the spindle assembly checkpoint protein Mad2 to force them through mitosis in the absence of the microtubule-kinetochore attachments. We treated mad2D cells with thiabendazole (TBZ) to depolymerize microtubules and tested whether the nucleoplasmic markers such as Nhp6-mCherry redistributed throughout the cell. All cells lost the nucleocytoplasmic compartmentalization in spite of the absence of the spindle ( Figure 3D ; 21 cells). We observed similar behavior in mitotic wild-type cells treated with TBZ (data not shown). The fluorescence later recovered in several micronuclei, each formed around a cluster of the Nhp6-mCherry-labeled chromatin (albeit with slower kinetics as compared to the wild-type: 27.5 6 7.4 min versus 3 min for TBZ-treated and control cells, respectively). We concluded that the S. japonicus cells evolved a specialized mechanism triggering the NE breakdown in anaphase, independent of the forces exerted by the elongating mitotic spindle.
If the nuclear volume remains constant during mitosis, a simple scaling argument shows that when r 1 is the radius of the mother nucleus and r 2 is the radius of each of the two daughter nuclei, 4/3pr 1 3 = 2 3 4/3pr 2 3 and (r 2 /r 1 ) 3 = 1/2. The ratio of the total surface area of the two daughter nuclei to that of the mother nucleus is then 2 3 4pr 2 2 /4pr 1 2 = 2 3 (r 2 /r 1 ) 2 = 2 1/3 = 1.26. Indeed, similar ratios were previously reported for S. pombe [10] [11] [12] . However, when the extra surface area is not added, an alternative is to reduce the nuclear volume to form two smaller daughter nuclei. In this case, constancy of surface area implies that 4pr 1 2 = 2 3 4pr 2 2 , and (r 2 /r 1 ) 2 = 1/2. The ratio of the total volume of the two daughter nuclei to that of the mother nucleus is then 2 3 4/3pr 2 3 /4/3pr 1 3 = 2 3 (r 2 /r 1 ) 3 = 2 21/2 = 0.71. We carefully estimated the expansion of the S. pombe and S. japonicus nuclei during mitosis. The measurements were performed from time 0 when the mitotic nuclei were still spherical to a diamond/bow-like stage immediately preceding the NE rupture in S. japonicus and a corresponding dumbbell stage in S. pombe (n = 10 cells, at time 0 the surface area and volume are set to 100%; Figure 4A ; Figure S4A ). Linear least-squares fitting indicated that the nuclear surface area is S. pombe indeed grew at an average rate of 3.6%/min (p = 0.0345). The nuclear volume remained relatively constant ( Figure S4A ; volume growth was statistically insignificant, p = 0.236). In line with previously published data, upon completion of nuclear division, the combined surface area and volume of daughter nuclei were 133% 6 11% and 105% 6 9%, respectively, relative to the mother nucleus. Thus, the S. pombe nucleus indeed adds the extra surface area as it prepares to divide, suggesting the existence of a connected membrane reservoir.
In contrast, we found that both the surface area and the volume of S. japonicus nuclei did not increase prior to the nuclear rupture, suggesting that there was no addition of new membranes during mitosis ( Figure 4B ; Figure S4A ; n = 10 cells). Upon formation of the daughter nuclei, their combined surface area and volume were 99% 6 7% and 69% 6 7% respectively, relative to the mother nucleus. Therefore, we concluded that in order to divide, the S. japonicus nucleus undergoes major restructuring; i.e., breaking and reassembling the NE.
The NE in fungi is reinforced by the SPBs that appear to counter the spindle-induced membrane deformations [10, 11] ; therefore, when the elongating spindle pushes against the NE, it will experience compressive stress along its longitudinal direction. In S. pombe, the NE grows concomitantly with spindle elongation so the compressive stress is negligible and the spindle remains straight. However, in S. japonicus, where the nuclear surface area does not increase, the compressive stress would eventually exceed the spindle's buckling threshold, and the spindle will buckle. We hypothesized that spindle buckling should occur in all nuclei that do not add new membranes. To test this prediction, we restricted the membrane availability in S. pombe by pretreating cells with the fatty acid synthase inhibitor cerulenin ( Figure S4B ; [13, 14] ) for 30 min prior to recording the time-lapse sequences of mitosis. We reasoned that it could prevent new membrane biosynthesis at the mitotic entry without major disruption to cell growth. We used GFP-Atb2 to visualize spindle structure and GST-NLS-mCherry and Tts1-mCherry to mark the nucleoplasm and the ER. In control cells, the mitotic spindles remained straight throughout nuclear division ( Figure 4C , upper panel). In contrast, many anaphase spindles in cerulenin-treated cells severely buckled (15 out of 23 cells). Buckling frequently led to spindle breakage into two half-spindles (8 out of 15 spindles). In such cases, the nuclei extended into a diamond shape but later collapsed back into a single sphere of the original diameter ( Figure 4C, bottom panel) . The rest of the nuclei divided into unequally sized daughters exhibiting a limited increase in their combined surface area, similar to what was reported previously (data not shown and [14] ). The difference between the two outcomes could be due to the incomplete exhaustion of the membrane reservoir in some cerulenin-treated cells. Similar treatment of S. japonicus cells with cerulenin did not interfere with mitotic progression (Figures S4B and S4C) . Thus, it appears that the initial sequence of events during anaphase spindle elongation is similar in cerulenin-treated S. pombe and wild-type S. japonicus cells, with spindles buckling within the NE. However, because the mechanism that regulates the mitotic NE rupture is absent from the S. pombe lineage, the spindles in cerulenin-treated S. pombe eventually collapse under the compressive stress.
In summary, we show that two closely related species have settled on strikingly divergent approaches to mitotic nuclear division ( Figure 4D ). The S. pombe cells appear to assemble a membrane reservoir sufficient for the nuclear surface area increase during anaphase that allows a ''closed'' division of the nucleus. In contrast, the nuclear surface area remains constant during mitosis in S. japonicus. The mechanisms responsible for this variation could include differential regulation of ER membrane biogenesis at the G2/M boundary or structural dissimilarities in the organization of the ER and the NE. In the absence of an available membrane reservoir, S. japonicus uses an active mechanism to break down the NE in order to avoid mitotic spindle collapse. Unlike in many metazoan cells where the NE breakdown occurs at the end of prophase [15] , S. japonicus ruptures its nuclear membrane in anaphase B, suggesting that these mechanisms have been acquired independently. However, the two systems might use similar means to compromise the NE integrity, including the cell-cycle-entrained regulation of the nuclear membrane proteins. In general, the so-called ''open'' and ''closed'' mitoses can be considered as extremes of phenotypic variation in mitotic mechanisms [16] [17] [18] . The fact that the closely related species exhibit pronounced differences in their mitotic programs suggests that the emergence of fundamentally different phenotypic traits may sometimes require a relatively modest modification of the basic cell physiology. The comparative studies of the mechanisms regulating nuclear division in the two fission yeast species may provide important insights into both physiology and evolution of mitosis as a major eukaryotic condition.
Experimental Procedures

Schizosaccharomyces japonicus Strains and Drug Treatments
The original wild-type auxotrophic S. japonicus strains were kindly provided by H. Niki [19] . All strains constructed in the course of our study are listed in Table S1 . The S. japonicus open reading frames used in this study were as follows: Nup85 (SJAG_00471), Nup132 (SJAG_01374), Nup189 (SJAG_03299), Tts1 (SJAG_05671), Lem2 (SJAG_01745), Ost1 (SJAG_01006), Sec63 (SJAG_05394), Nhp6 (SJAG_03603.4), Mis6 (SJAG_00684), Atb2 (SJAG_02509), Erb1 (SJAG_02830), Fib1 (SJAG_00943), and Mad2 (SJAG_05642). To depolymerize microtubules, we added 150 mM TBZ (thiabendazole, Sigma T-8904) dissolved in dimethyl sulfoxide (DMSO) to exponentially growing cells for 30 min at 24 C. To inhibit fatty acid biosynthesis prior to mitosis, we added 10 mM cerulenin dissolved in DMSO (Sigma C-2389) to exponentially growing cells for 30 min at 24 C followed by immediate time-lapse imaging. For details of S. japonicus strain construction, cell growth, imaging, and image analysis methods, see Supplemental Experimental Procedures.
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